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Abstract

Lanthanum-doped Sry sPby sTiO5; semiconducting ceramics were prepared by the solid state reaction technique with excess PbO
additive. Samples’ resistivities rise about 5 orders of magnitude above the Curie temperature (7,~115 °C) and their negative tem-
perature coefficient of resistivity (NTCR) increases with an increase of the sintering temperature. The crystalline structure, micro-
structure and compositional distribution were investigated using XRD, scanning electron microscopy (SEM) and transmission
electron microscopy (TEM) with X-ray energy dispersive analyses (EDAX), respectively. The distribution of Pb, Sr and Ti in the
grain boundary layer has been shown to be similar to that in the grain interior. It is assumed that the PbO additive compensates Pb
loss and keeps the Pb/Ti ratio stable in the grain boundary layers, which results in the low room temperature resistivity and weak

NTCR effects. © 2002 Elsevier Science Ltd and Techna S.r.1. All rights reserved.

Keywords: Sr,Pb;_, TiO; thermistors; PTCR-NTCR effects

1. Introduction

In 1988, the V-shaped PTC effect was firstly found in
Sr,.Pb;_,TiO;5 ceramics [1]. With the elevating tempera-
ture, the resistivity of Sr,Pb,_,TiO; ceramics decreases
sharply at T'< T, and abruptly increases at 7> T.. These
thermal sensitive ceramics can be sintered at a relatively
low temperature and their Curie temperatures can move
by changing the Pb/Sr ratios [2,3]. Owing to the novel
NTC-PTC composite effects and relatively high resistiv-
ities at room temperature, Sr,Pb;_,TiO; semiconduct-
ing ceramics can be used in many fields, such as
temperature control, self-regulating heaters as well as
protection devices to reduce the damage to the main
electrical components due to overflow at start-up [4].

Heywang model [5] was widely accepted to describe the
conduction mechanism of Sr,Pb;_,TiOs-based ceramics
in the PTC effect region. It was suggested that the
acceptor states concentrate in the grain boundary to form
a barrier, whose height can be increased rapidly near Curie
temperature owing to the tetragonal to cubic phase trans-
formation. As to the novel NTCR behavior below T,
some attempts, such as the deep donor energy level [6], the
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grain boundary effect [7] and the core-shell micro-
structure model [8,9] have been proposed to explain the
strong NTC effect of Sr,Pb;_,TiO; V-shaped PTCR.
However, some experimental phenomena still can not be
satisfactorily interpreted.

Wang et al. [10] prepared low resistivity Sr, Pb;_,TiO3
PTCR using chemical synthesis and rapid thermal sinter-
ing (RTS) processing and suggested that the NTC-PTC
composite effects were originated from the grain boundary
associated with complex impedance analyses [7]. However,
the influences of defects and compositional distribution
on the NTC behavior are still unclear. It is necessary to
study the microstructure of the grain boundary layer, in
depth, to reveal the conduction mechanism of Sr,
Pb,_,TiO; semiconducting ceramics. In this article,
Srg.sPbg sTiO; V-shaped PTCR with different NTC
effects were prepared at different sintering temperatures.
The influence of excess PbO on the microstructure and
compositional distribution was investigated.

2. Experimental
Stoichiometric powders of analytical grade PbO, TiO,

and high purity SrTiO; (decomposed SrTiO(C,0y),-
4H,0 at 1000 °C for 4 h, produced in Xingtai, PR China)
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were accurately mixed and then calcinated at 800 °C for
2 h to prepare SrysPbysTiO; powders. Subsequently,
0.2-0.8 mol% La(NOs)3 solution and 0-4 mol% PbO
were added to the Sry sPbg sTiO5; powders and wet-milled
in ethanol for 48 h in a plastic jar. After drying and sifting,
the powders were pressed into disks with 10 mm diameter
and about Imm thickness at a pressure of 200 MPa,
then the green pellets were sintered at 1075-1150 °C for
1 h in air and cooled at the rate of 4 °C/min.

The surfaces of samples were rubbed with an In-Ga
alloy and the resistivity-temperature characteristics were
measured from room temperature up to 400 °C with a dc
resistance-temperature measuring system. Phase structure
and morphology were examined by X-ray diffraction
(Regaku D/max IIIB) and SEM (JSM-6301F) respec-
tively. After ion-beam thinning, the sample’s micro-
structure and compositional distribution were investigated
by TEM (Hitachi-800) and EDAX (H-9100).

3. Results

The phase structure of the sintered SrysPbgsTiO3
ceramics is shown in Fig. 1. The samples have typical
tetragonal crystal structure at room temperature with a
¢/a ratio of about 1.009.
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Fig. 1. The XRD patterns of Srg sPbg sTiO; ceramics.

Fig. 2 gives the surface and fracture morphologies of
an 1100 °C-1 h-sintered sample. It shows that the sizes
of most grains are in the range of 2-5 um and there are
not any pores in the bulk. The sintered ceramics mainly
fracture along the grain boundaries, showing that the
mechanical strength of grains is higher than that of
grain boundaries.

Fig. 3 shows the resistivity-temperature curves of the
sintered samples at 1075, 1100, 1125 and 1150 °C for 1 h
respectively. At T>T,, it can be seen that all samples
exhibit strong PTCR effects. The resistivity of sample 1
or 2 jumps more than 5 orders of magnitude and more
than 4.5 orders corresponding to that of sample 3 or 4.
The temperature of maximum resistivity in the PTCR
effect region decreases with the raise of the sintering
temperature. At T<T,, the sintered samples have the
minimum room temperature resistivity (ort) at 1100 °C.
The variation of resistivity log(orT/omin) INcreases with
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Fig. 3. Resistivity-temperature plots of La-doped Sry sPb, sTiO; cera-
mics sintered at 1075-1150 °C for 1 h.

Fig. 2. SEM micrographs of Sry sPby sTiO5 ceramics: (a) surface, (b) fracture.
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the raise of the sintering temperature, being o, the
minimum resistivity of the sample at the measurement
temperature. The NTC effect of samples 1 and 2 almost
disappears, but samples 3 and 4 show a strong NTC
effect below T..

A TEM micrograph of La-doped Sr, sPb, sTiO5 cera-
mics is shown in Fig. 4(a). It can be seen that the sin-
tered samples have 90° domain structures inside the
grains and discontinuous domain distribution through
the grain boundaries. This microstructure is beneficial
to stress release during phase transformation.

The distribution of Pb,Sr,Ti species in the grain inter-
ior and the grain boundary layer of 1100 °C-1 h sintered
sample was measured by EDAX. Fig. 4(b) shows the
peak intensities corresponding to Pb, Sr, Ti species in the
grain interior to be similar to that in the grain boundary
layer. Excess PbO is beneficial to suppress the formation
of Pb-deficient grain boundary layer. The above result
confirms the views in the literature [11] that the con-
ventional sintered Sr,Pb;_,TiO; ceramics contain Pb-
deficient grain boundary layers.

4. Discussion

According to defect chemistry, Sr or Pb positions in
crystalline Sry sPbg sTiO3 can be substituted by trivalent
La’* jons to form Lajp, or Lag defects. At the same
time, PbO is easy to be lost into air during calcination
[3,4,11], which will be beneficial to the substitution of
Pb positions in Sry sPbg sTiO; lattices for La®* ions.
The reaction processes can be approximately described
as follow:
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In Eq. (1), the Lap, defects produce residual charges
in SrysPbg sTiO5 lattices that force tetravalent Ti*" to
reduce to trivalent Ti**. PbO loss makes the Eq. (1) move
to the right, which increases the charge carrier density and
improves the electrical conduction of SrysPbg sTiOs.
However, PbO loss also make Eq. (2) move to the right
and produce more V, cationic vacancies to compensate
Lap,, which decreases the charge carrier density and
degenerate the electrical conduction of SrjsPbysTiO3
materials. Furthermore, overmuch PbO impurities con-
centrating on the grain boundaries force Egs. (1) and (2)
move to the left, which will suppress the production of
electron carriers and V7§, simultaneously. Therefore con-
trolling Pb volatilization or supplying suitable PbO are
key processes for preparing low resistivity Sr,Pb;_, TiO;
ceramics. The above reasonably explains the experimental
results in Fig. 3, i.e. the lowest room temperature resistiv-
ity showed by the 1100 °C-1 h sintered sample.

A core—shell microstructure was reported in microwave-
sintered and rapid thermal sintered Sr,Pb;_,TiO; cera-
mics [6,7], the Pb-deficient core being packed by the Pb-
rich Sr,Pb,_,TiO; perovskite and the electrical beha-
vior of the core being completely shielded. The thickness
of the shell varies with the temperature below the Curie
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Fig. 4. (a) TEM micrograph and (b) EDAX spectra of the grain interior and the grain boundary layer of La-doped Sr( sPb, sTiO; ceramics sintered

at 1100 °C for 1 h with excess 2 mol% PbO.
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temperature, which results in a large NTC effect. In our
experiments, excess PbO impurities form a concentration
gradient between the grain boundary layer and the grain
interior during calcination. To some extent, the con-
centration gradient decreases the transfer of Pb>* and
prevents the formation of the Pb-deficient grain boundary
layers. Therefore the core—shell microstructure was not
observed in samples with PbO additive.

In general, PbO loss of samples increases at higher sin-
tering temperature. Consequently much of Pb?>* vacancies
are produced in the Pb-deficient grain boundary layers
because oxygen atoms re-enter into Sr,Pb;_,TiO3 crys-
tal lattices during cooling. Pb?* vacancies will combine
partially with Lap, donor defects to form defect com-
plexes (2Lap,-Vp,). These defect complexes in the grain
boundary layers restrict the neighboring Ti*" ions to
accept electrons and participate in electrical conduction,
which results in high room temperature resistivity and
strong NTC effects below the Curie temperature.

5. Conclusions

La-doped Sry sPb, sTiO; V-shaped positive tempera-
ture coefficient resistors were prepared below 1150 °C
by a conventional solid state reaction technique. The
NTC effects of SrysPbg sTiO3; V-shaped PTCR (T'<T,)
increase with the rise of the sintering temperature.
Addition of PbO suppresses the migration of Pb ions in
the grains and prevent the formation of Pb-deficient
grain boundary layers, which results in low room tem-
perature resistivities and weak NTC effects below the
Curie temperature. It is assumed that the strong NTC
effect of Sr,Pb;_,TiO; semiconducting ceramics is clo-
sely related to the Pb?> " vacancies and defect complexes.
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